Abstract : Emulsion polymerization of octamethyl cyclotetrasiloxane (D 4 ) under microwave irradiation (MI) was studied. The polysiloxane (PSi) nanoparticles via cationic ring-opening polymerization of D 4 were obtained by using the dodecylbenzene sulphonic acid (DBSA), sodium dodecylbenzene sulphate (SDBS) and poly(ethylene glycol) monooctylphenyl ether (OP-10) as the catalyst and the emulsifiers respectively. The particle size analyzer and transmission electron microscope (TEM) were used to determine the particle size of PSi emulsions. The results show that, the particle size of PSi emulsions prepared under MI is substantially smaller and the particle distribution is narrower compared with that under conventional heating (CH). With the aid of MI, the polymerization rate and the equilibrium conversion are enhanced. The polydispersity index (PDI) and molecular weight (M w ) measured by GPC indicate that under MI, PDI of PSi is narrower and M w of PSi at high temperature is lower than those under CH.
Introduction
With the advantages of fast and homogeneous heating, the application of microwaves has opened up many opportunities to improve polymer preparation in recent years [1] [2] [3] . However, when microwave irradiated heterophase polymerization reactions were considered first in 1990s [4, 5] . Generally speaking, the emulsion system is a combination of substances with very low dielectric loss (oil phase) and high dielectric loss (water phase). The microwave energy is introduced efficiently into such systems through the water or its mixtures with other polar solvents as the microwave absorber. It is no wonder that the different responses of two phases to MI may cause some unexpected results in the emulsion system. Most of the studies on microwave-assisted polymerizations have been focused on the latex particles prepared from styrene [6] [7] [8] [9] , methyl methacrylate [10] [11] [12] [13] , and butyl acrylate [14] etc. The study on the emulsion polymerization of PSi under MI, however, is still lacking.
Polysiloxane has many attractive properties, such as nontoxicity, low surface tension, excellent weather resistance, high flexibility and good thermal stability. PSi emulsions, one of the most important products of polysiloxane, are widely used as textile finishing agents, antifoam agents, medical additives, building coating, and mechanical fluids in a number of products such as cosmetic preparations and polishes [15, 16] . Generally speaking, there are some drawbacks for the PSi emulsion prepared with traditional methods, for example, insufficient monomer conversion and relatively higher PDI. Therefore, in this study, we attempt to increase the equilibrium conversion of D 4 and lower the PDI of the PSi by the introduction of microwaves during the emulsion polymerization. The variations of particle size, equilibrium conversion and PDI of PSi were correlated with the effects of MI.
Results and discussion

Particle sizes and morphology of PSi latex prepared under two processe
It is well known, like all electromagnetic radiation, microwave irradiation can be divided into an electric field component and a magnetic field component. The former is responsible for the dielectric heating, which is effected via dipolar polarization mechanism and conduction mechanism [17] . An o/w emulsion generally consists of oil phase, water phase and the emulsifier. The emulsifiers around the D 4 monomer droplets are able to reduce the interfacial tension and make the particles stable. The emulsifiers consist of ionic SDBS and nonionic OP-10 in this system. SDBS may be hydrated as ionized layer and OP-10 may be hydrated via hydrogen bonding (Fig.1) . The concentration of ions in the hydrated layer is significantly higher than other place in the emulsion, which may be responsible for the effective dielectric heating under MI. The irradiation time was set at 120 seconds and the instant temperature of each liquid was marked by the reactor. In the reaction mixture, the ions and the formed hydrogen bonds undergo a response under oscillating electric field of microwave, which results in a faster heating and movement of the ions and organic droplets due to their mutual combination. As a consequence, the temperature of the mixture containing ions is much higher than those without ions under MI. The temperature of D 4 monomer, however, does not change obviously because of its weak dipole moment and low dielectric loss [18] . Compared with CH, the particle sizes of polysiloxane latex obtained under MI are substantially smaller, as shown in Fig. 3 . When the mixture is irradiated for 15 min, the average size of particle is below 100 nm and decreases consistently throughout the irradiation time. However, the colloid particle size prepared under CH, having the same trend as MI, maintains above 100 nm in the time range from 15 min to 120 min. The PSi latex obtained under MI appears as translucent, but milky for that obtained under CH. The particle size distribution of polysiloxane latex under MI is narrower than that under CH at the same reaction time ( Table 1 ). The smaller particle size under microwave irradiation may primarily be attributed to the effect of dielectric heating as mentioned above. Although the temperature of mixture is uniform, the ions move through the sample and many of "hot spots" in the particle surface are formed instantaneously under the influence of an electric field, resulting in expenditure of microwave energy due to an increased movement, converting the kinetic energy to heat. The higher temperature on the particle surface, in return, leads to further reduction of interfacial tension and the particles get more energetic. With the aid of rapid movement of the ions and the mechanical stirring under MI, the particles have a tendency to divide into the smaller ones. The process is schematically depicted in Fig. 4 . To investigate the morphology of latex particles, TEM experiments were conducted. The PSi in the emulsion droplets was a viscous liquid and coalesced on removal of the water. Thus, it is difficult to observe the shape and size of the droplets. In order to address this issue, the VD 4 was introduced to copolymerize with D 4 and APS was added to crosslink the emulsion droplets before measurement by TEM [19] . As shown in Fig.5 , under MI, the average crosslinked particle size is about 30 nm, which is much smaller than that under CH. In addition, narrower distribution of latex particles under MI is also observed. 
Conversion of D 4 monomer at different temperature in two processes
The conversion curves of D 4 at different temperature under MI and CH are presented in Fig. 6 . Compared with emulsion polymerization under CH, the MI significantly enhances the polymerization rate at different temperature studied. For example, the polymerization of D 4 under CH for 90 min at 80 °C only yields PSi less than 20%. In the case of the polymerization under MI, however, the conversion is higher than 45%. Surprisingly, the final equilibrium conversion of D 4 under MI is slightly higher than that under CH. Since the equilibrium conversion is independent of the amount of catalyst and temperature [20, 21] , the higher conversion may be due to the effect of microwave. Although D 4 has weak dipole characteristic necessary for absorbing microwave, when H + from DBSA attacks the cyclosiloxane, the ring is opened and the cationic active center is formed [22, 23] , which improve dipolar moment of monomer. The cationic active centers attempt to align themselves to the applied electric field and become more energetic to attack other monomer for the chain propagation, leading to enhanced polymerization rate and improved equilibrium conversion. This is illustrated in Fig. 7 . Table 2 . The PDIs of PSi prepared under MI are narrower than those under CH, which is attributed to uniform temperature throughout the emulsion. Generally, the reactions under CH have a temperature gradient. In contrast, the inner heating of the emulsion under MI leads to very fast and homogenous heating, resulting in less side reactions and uniform products. In addition, more uniform particle distribution under MI may result in more uniform concentration of DBSA surrounding the D 4 particles, leading to narrower molecular weight distribution. As mentioned earlier, the "hot spots" formed instantaneously in the particle surface under MI make the H + from DBSA attack the cyclosiloxane more easily to form cationic active centers, so the amount of active centers is greater than that generated under CH. With the increasing active centers, the M w value of PSi attained under MI are consequently lower than that under CH, even with higher conversion. 
Tab
Conclusions
Compared with conventional heating, the particle size of polysiloxane emulsions prepared under microwave irradiation was substantially smaller and the particle distribution was narrower. The polymerization rate and the equilibrium conversion were also slightly increased by the introduction of microwave irradiation. The molecular weight distribution of polysiloxane prepared under microwave irradiation was slightly narrower and M w of the polysiloxane at high temperature was lower than that under conventional heating. The results were attributed to electric field and the homogeneous heating.
Experimental
Materials and apparatus
Octamethyl cyclotetrasiloxane (D 4 ), hexamethyldisiloxane (MM), tetramethyltetravinyl cyclotetrasiloxane (VD 4 ) were purchased from Shin Etsu, Japan and were used as received. Sodium dodecylbenzene sulphate (SDBS), dodecylbenzene sulphonic acid (DBSA), poly(ethylene glycol) monooctylphenyl ether (OP-10) were provided by Guangdong Guanghua Chemical Factory, China. Ammonium persulphate (APS) was obtained from Tianjin Fuchen Chemical Factory, China.
The microwave reactor signed MAS-I model was manufactured by Shanghai Sineo Microwave Chemistry Technology Co., Ltd. The electromagnetic energy was produced by a magnetron at 2.45 GHz. The reactor was equipped with online IR temperature sensor and compressed air system for cooling. The microwave power, which automatically adjusted to control the reaction temperature, can be pre-set between 100 and 1000 Watts. 19 mmol) were charged into a round-bottom flask. The vessel equipped with a mechanical stirrer, a nitrogen inlet and a condenser was placed in the cavity of microwave reactor. The mixture was pre-emulsified under vigorous stirring for 15 min before polymerization. According to our previous work on bulk polymerization of D 4 , the power of 700 W chosen had the optimal result for the monomer conversion. The mixture was then irradiated with microwaves at 700 W in conjunction with air-cooling to keep the desired temperature for polymerization. In the case of conventional heating, the flask was placed in a water bath at the same temperature for polymerization. After desired polymerization time, the reactions were both quenched by NaOH solution of 20 wt% when the temperature was cooled down to 40 °C. The pH value of emulsion was adjusted to around 7.
Emulsion polymerization under MI
In the case of crosslinked PSi, VD 4 (3.0 g, 8.71 mmol) was introduced into the above mentioned mixture. The process of the polymerization is same as described above. After the resultant emulsion was neutralized, desired amount of APS aqueous solution of 5 wt% was added and the mixture was crosslinked at 80 °C for 1 h under nitrogen purging.
Characterization
The particle sizes of PSi latexes were measured by N5 Submicron Particle Size Analyzer (Beckman Coulter) with a detection angle of 90°. The latexes were diluted with deionised water to a desirable concentration and passed through a 0.8-μm filter to discharge any dust.
Monomer conversion was measured with the gravimetric method. The water and unreacted monomer of the weighed latex were evaporated under a vacuum at 150 °C for 3 hours.
Infrared spectra were recorded using a Nicolet FTIR 760 spectrometer using a KBr disk coated method. Polymer samples were prepared by breaking the emulsion with a 10% alunite (KAlS 2 O 8 •12H 2 O) solution and extracting the polysiloxane with ether.
The ether extract was washed with water for 5 times to remove the surfactant and then dried under vacuum at 60 °C for 48 h in order to remove the ether and the residual amount of water and monomer. FTIR spectra were obtained at room temperature in the transmission mode between 500 and 4000 cm -1 with a resolution of 2 cm -1 .
The molecular weight and polydispersity index of PSi prepared by the above way were determined, using a Waters 515-2410 gel permeation chromatography equipped with HT4-HT5 columns, calibrated with polystyrene standard samples. Toluene was used as the eluting solvent and the flow rate was kept at 1.0 ml/min operated at 30 °C.
Transmission electron microscopy analysis (TEM) was performed with a JEM-100CXII electron microscope operating at 80 kV. The sample that contained the crosslinked silicone particles was first diluted with double-distilled water. One drop of the colloidal dispersion was put on a carbon film supported by a copper grid and stained with a 1.0% (wt/wt) phosphotungstic acid aqueous solution and allowed to dry before the observation.
